DNA-functionalized gold nanoparticles (AuNPs) have been extensively used in sensing, drug delivery, and materials science. A key step is to attach DNA to AuNPs forming a stable and functional conjugate. While the traditional salt-aging method takes a full day or longer, a recent low-pH method allows DNA conjugation in a few minutes. The effect of low pH was attributed to protonation of adenine (A) and cytosine (C), resulting in an overall lower negative charge density on DNA. In this work, the effect of DNA conformation at low pH is studied. Using circular dichroism (CD) spectroscopy, parallel poly-A duplex (A-motif) is detected when a poly-A segment is linked to a random DNA, a design typically used for DNA conjugation. A DNA staining dye, thiazole orange, is identified for detecting such A-motifs. The A-motif structure is ideal for DNA conjugation since it exposes the thiol group for directly reacting with gold surface while minimizing non-specific DNA base adsorption. For non-thiolated DNA, the optimal procedure is to incubate DNA and AuNPs followed by lowering the pH. The i-motif formed by poly-C DNA at low pH is less favorable for the conjugation reaction due to its unique way of folding. The stability of poly-A and poly-G DNA in low pH is examined. An excellent stability of poly-A DNA is confirmed, while poly-G has lower stability. This study provides new fundamental insights into a practically useful technique of conjugating DNA to AuNPs.
Introduction
The interaction between DNA and gold nanoparticles (AuNPs) is an interesting biointerface topic with applications in analytical chemistry, [1] [2] [3] [4] [5] [6] drug delivery, 7, 8 and materials science. [9] [10] [11] [12] AuNPs have a strong inter-particle van der Waals force, and citrate-capped AuNPs are only stabilized by weak electrostatic repulsion, rendering them easily aggregated at a slightly elevated ionic strength.
Thiolated DNA is the most commonly used reagent for functionalizing AuNPs due to the strong thiol-Au interaction. 13 The colloidal stability of AuNPs is significantly improved upon DNA conjugation.
Between the thiol group and the DNA sequence intended for hybridization, a polynucleotide spacer is often added. Historically, the Mirkin group used a poly-A spacer for many years, and this has been followed by many others. Further studies showed that a poly-A DNA binds to gold surfaces quite strongly, 14, 15 and the more weakly interacting poly-T spacers support the highest DNA loading density. 16 Regardless of the spacer sequence, in a typical conjugation reaction, thiolated DNA is mixed with AuNPs and the NaCl concentration is gradually raised to ~300 mM over a few hours to a day to achieve a stable conjugate. 17 In 2012, we studied the adsorption of DNA by AuNPs and identified the critical role of pH, 18 allowing DNA conjugation reaction in a few minutes at pH 3. 19 The same method was also successfully applied to larger AuNPs, 20, 21 Au nanorods, 22 silver NPs, 23 and platinum NPs. 24 Quite interestingly, a high density of non-thiolated DNA with a poly-A fragment can also be adsorbed at low pH. 25 We explained the pH effect mainly based on charge. Adenine (pKa = 3.5) can be protonated at pH 3.0, which decreases the negative charge density on DNA and facilitates DNA adsorption. 4 However, this simple charge model cannot account for all the observations. 1) Based on the saltaging model, DNA should first lie down on AuNPs since DNA bases can also bind to gold strongly. 13, 17 Gradually, the adsorbed DNA stands up due to displacement by the thiol group from the new incoming DNA. Introducing a positive charge to DNA bases should even promote DNA base adsorption. 2) More surprisingly, we achieved a high loading density of non-thiolated poly-A DNA similar to that for thiolated DNA (e.g. >60 poly-A DNA per 13 nm AuNP). 25, 26 Without a thiol group, DNA is expected to wrap around AuNPs, 27-31 which should limit its density.
Therefore, other reasons must also be considered beyond simple protonation of DNA bases.
At low pH, DNA adopts different conformations beyond those based on the typical
Watson-Crick base pairing, which may also affect the adsorption process. A well-known example is the i-motif formed by poly-C DNA. Poly-A DNA can form parallel duplexes in acidic pH. 32, 33 In this work, we aim to understand the effect of DNA conformation at low pH and its effect on the AuNPs conjugation reaction. In particular, we focus on the poly-A parallel duplex.
Materials and Methods
Chemicals. All the DNA samples were from Integrated DNA Technologies (IDT, Coralville, IA).
Their sequences and modifications are listed in Table 1 . SYBR Green I (SGI) was from Invitrogen (Carlsbad, CA). Thiazole orange (TO), HAuCl4 and KCN were from Sigma-Aldrich. Ethanol, sodium hydroxide, and hydrochloric acid were from VWR (Mississauga, ON). Ethidium bromide (EB), sodium chloride, sodium citrate, and 4-(2-hydroxyethyl) piperazine-1-ethanesulfonate (HEPES) were from Mandel Scientific (Guelph, ON). AuNPs (13 nm diameter) were synthesized following literature reported procedure, and the as-prepared AuNPs were ~10 nM. DNA density and AuNP stability measurement. The process of preparing DNA-functionalized AuNPs was the same regardless of the DNA sequences or modification. First, a DNA solution (100 mM, 2 µL) was mixed with 100 µL as-synthesized 13 nm AuNPs. After 3 min incubation, the mixture was adjusted to pH 3.0 by adding citrate buffer (500 mM, pH 3.0, 2 µL). After 3 min, the mixture was adjusted back to neutral by adding HEPES buffer (500 mM, pH 7.0, 6 µL). Finally, the resulting DNA-functionalized AuNPs were washed with 5 mM HEPES buffer (pH 7.0) for three times by centrifugation at 15,000 rpm for 15 min. The DNA adsorption density was measured by the fluorescence signal of the DNA after dissolving the AuNPs with KCN (final 1 mM). 16 To test the colloidal stability of AuNPs, 5 M NaCl was add to 100 µL DNA-functionalized AuNPs to achieve a final NaCl concentration of 200, 400, and 600 mM. The color of the resulting AuNPs was documented using a digital camera.
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Poly-A DNA stability assays. Poly-A DNA (1 µM) was incubated at different pH values for various amount of time. Then all the samples were adjusted to neutral pH before analyzed by 15% denaturing polyacrylamide gel electrophoresis (dPAGE). To test the possibility of forming apurinic (AP) sites, the A15 DNA (1 µM) was incubated under different pH's for 12 h. Then the samples were adjusted to neutral pH with 500 mM HEPES buffer, followed by adding a final of 1 µM T15 DNA for hybridization. After hybridization, SGI dye was added to stain the duplex DNA (ratio of DNA:SGI was 1:15). The same process was performed with the G15 DNA, except that C15
was added for hybridization. The final SGI fluorescence was measured by exciting at 485 nm and the emission was quantified at 535 nm.
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Results and Discussion
Parallel poly-A DNA duplex at low pH. Before presenting our data, we first describe the saltaging process to understand the surface chemistry of DNA adsorption ( Figure 1A ). 13, 17 Upon the initial mixing, only a few DNAs are adsorbed, both by the thiol group and the DNA bases. At a given ionic strength, an equilibrium is reached due to electrostatic repulsion between the adsorbed DNA and the DNA in solution. This equilibrium is shifted by raising the salt concentration to further screen the charge repulsion, allowing more DNA adsorption. Gradually, the DNA bases are displaced by the thiol groups of the newly adsorbed DNA (i.e. thiol affinity to gold is stronger than DNA base affinity), forcing each DNA to stand up. Finally, a highly stable conjugate is obtained, and the whole procedure usually requires a day or longer. In this salt-aging process, the spacer sequence (in green) does not play a critical role and it can be any nucleotide. Traditionally, a poly-A spacer was used.
At pH 3, the conjugation process can be completed in a few minutes. 19 In this case, a poly-A spacer is particularly useful. 26 With a pKa of 3.5, adenine is partially protonated at pH 3 to decrease the negative charge density of DNA. While reduced charge repulsion is certainly helpful, the goal of this work is to examine the role of DNA conformation at low pH. For example, poly-A DNA can form the AH + -H + A base pair by a hydrogen bond between the N7 in one adenosine and the exocyclic amino group in another ( Figure 1C) . 33, 35 The consequence is the formation of a parallel poly-A duplex (i.e. A-motif). With the parallel A-motif duplex in mind, two thiolated DNA can be held together by the green poly-A fragment in Figure 1B , exposing the thiol groups. This is only possible for a parallel DNA duplex so that the two thiol groups are on the same end. A further advantage is that the poly-A duplex region is positively charged, while the rest of the DNA is likely to be negatively charged (unless the rest of the DNA is purely poly-A/C). This favors selective adsorption of the thiolated 9 end due to electrostatic attraction with the negatively charged AuNP surface. Thus, such a rigid parallel duplex can also minimize internal DNA base adsorption, and the desired final structure can form just in one step (e.g. no need for thiol displacing DNA bases). All these factors may contribute to the fast DNA adsorption at low pH. The formation of A-motif can also explain the high loading density of non-thiolated poly-A DNA. 25, 26 In this paper, we describe our effort to confirm the role of such A-motif DNA during the conjugation reaction.
Characterizing the A-motif DNA by CD spectroscopy. Parallel poly-A duplexes have been studied in terms of biophysical properties, 36, 37 structure, 32, 33, 38, 39 and analytical applications. 35, [40] [41] [42] Most previous work on used pure adenine homopolymers. In our system, however, the poly-A DNA is only a fraction of the whole sequence. In addition, there is also a fragment intended for DNA hybridization. To understand whether such DNA can form parallel duplex under our experimental conditions, circular dichroism (CD) spectroscopy was employed. The A15 DNA was first measured as a positive control. At pH 3.0, a characteristic positive CD peak at 268 nm was observed (Figure 2A) , consistent with the previous literature report of parallel poly-A duplex. 32 When the pH is raised to 7.0, the peak at 223 nm increased strongly, while the peak at 268 nm disappeared, suggesting that the A-motif structure is disrupted. We next used a random DNA (DNA1 in Table 1 ) as a negative control. Its CD signal is quite weak and did not change much upon the pH drop ( Figure 2B ).
After these control experiments, we then tested three DNA sequences (DNA2-4); they all have the same random DNA sequence but with different lengths of the poly-A fragment. DNA with a longer poly-A fragment showed a more obvious decrease of the 223 nm peak upon the pH drop ( Figure 2C-E) . At the same time, the peak at 268 nm is stronger with longer poly-A, suggesting a longer poly-A block can better form the A-motif structure. The CD spectral difference 10 of DNA4 at these two pH's ( Figure 2E ) is not as large as that in the pure A15 DNA (Figure 2A ), although they both contained an A15 fragment. This is likely due to the signal from the random sequence in DNA4 and DNA misfolding. and (E) A15-DNA (DNA4).
Probing the A-motif by DNA staining dyes. Although CD spectroscopy is quite powerful, interpretation of its data is not often straightforward and this is not a very common instrument.
Therefore, we also want to develop another method to study parallel poly-A in our system. For this purpose, a number of DNA staining dyes were screened, including SYBR Green I (SGI), ethidium bromide (EB), and thiazole orange (TO). SGI and EB did not produce a stronger fluorescence for a poly-A DNA at pH 3.0 than that at pH 7.0 ( Figure S1 , Supporting Information).
Only TO (see Figure 3A for structure) showed a higher fluorescence with at pH 3.0 ( Figure 3B ).
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At the same time, the fluorescence of TO stained poly-A DNA is quite stable at low pH for a day, while the fluorescence of this mixture only can maintain for ~1 h at pH 7.0 ( Figure S2 ). This suggests that TO is protected by the poly-A structure at low pH from photobleaching. In contrast, TO is quite insensitive to pH for poly-T or poly-C DNA ( Figure 3C, 3D) . Poly-G DNA was not considered here, since they tend to form G-quadruplex and emit very strongly with TO. 43 TO is a useful dye for staining the A-motif if G-quadruplex can be excluded. We then tested the response of TO with DNA 1-4. The DNA with longer poly-A sequence has stronger fluorescent intensity ( Figure 3E ). This trend correlates well the length of poly-A suggesting the formation of parallel A-motif. At pH 7.0, fluorescent intensity is weak and independent of the length of poly-A ( Figure 3F ). Therefore, TO staining also supports that the Amotif can form in such DNA.
Order of mixing. The above CD and TO staining experiments indicate that poly-A DNA can form at pH 3.0, even with the appended 12-mer random DNA. This has strongly supported the model in Figure 1B . With this knowledge in mind, an interesting question is the order of mixing. So far, the protocol has been mixing the DNA and AuNPs first without adjusting pH, followed by adding pH 3.0 citrate buffer to a final of 10 mM. We call it post-acidification. We want to test the effect of acidifying DNA before mixing it with AuNPs (i.e. pre-acidification). This may give more time for A-motif formation.
We first tested two non-thiolated DNA. The A10 and A15 DNAs were chosen since this length range is often used as a spacer. In one group, DNA was mixed with AuNPs before adjusting the pH to 3.0 ( Figure 4A ). In another group, DNA was first incubated at pH 3.0 before adding AuNPs ( Figure 4B ). The stability of the resulting conjugates was measured by adding NaCl ( Figure   4C , the first two groups). Individually dispersed AuNPs are red, while their color changes to blue/purple upon salt-induced aggregation. By simply observing the color, the colloidal stability of AuNPs can be judged. For both A10 and A15, a better stability was achieved with the postacidification method in Figure 4A . We further measured the loaded DNA density on AuNPs ( Figure 4D ). The DNA density trend is also consistent with the above stability measurement. It might be that during pre-acidification, a stable A-motif can form, resulting in most adenine nucleotides buried in the duplex and thus weaker interaction with the AuNP surface. 44 Since these
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DNAs were non-thiolated and they require the adenine-AuNP interaction for adsorption, a lower stability was observed for the pre-acidification method.
To further understand it, we next used a few thiolated DNA each containing a A9 spacer (DNA 16, 17) . In this case, both methods yielded a similarly high stability ( Figure 4C , the last two groups). With a thiol group, its interaction with the AuNP surface dominates the adenine base interaction. Overall, post-acidification appears to be the optimal method for non-thiolated DNA, while for thiolated DNA, either method should work. on AuNPs using these two methods.
DNA stability at low pH. At low pH, DNA may undergo depurination and then cleavage ( Figure   5A ). 45 Therefore, DNA is vulnerable at the adenine and guanine sites in acids. Since poly-A DNA is studied here, its stability at low pH is important to understand. To test this, we used FAM-labeled A15 and a random DNA (DNA15). These DNAs were incubated at various pH from 1.0 to 7.0 for 1 h and then analyzed using gel electrophoresis ( Figure 5B and 5C). Neither the random DNA nor poly-A DNA was cleaved at pH 3.0 or even pH 1.0. Next, we incubated the FAM-A15 at pH 3.0 for up to 24 h, and still no degradation was observed ( Figure 5D ). time. The fluorescence intensity of (E) A15 and (F) G15 after incubation at various pH for 12 h and then hybridized with T15 or G15 at neutral pH to form duplex and finally stained with SGI.
The lack of cleavage products, however, may not fully exclude the possibility of apurinic sites (e.g. depurinated but not cleaved). To test this, we then designed a hybridization experiment.
We incubated the A15 DNA in pH 1.0-7.0 buffers for 12 h. Then all the samples were brought to neutral pH and mixed with the same concentration of T15 to form duplex. Finally, SGI was added to stain the DNA, and all the samples showed a similar fluorescence intensity ( Figure 5E ). This result suggests that the A15 is still functional for hybridization and depurination is unlikely to happen. In contrast, the G15 DNA has lost its integrity at pH 3 or lower based on its hybridization with C15 and then staining ( Figure 5F ). The result is consistent with the longer half-life of A30 (97 h) than G18 (24 h) at pH 1.6. In the case of pH 2.5 at 37 °C, the half-life of A30 is 230 h. 46 For our conjugation method at pH 3, the stability of poly-A DNA is sufficient. However, we still need to be careful of the guanine nucleotides to keep them stable.
i-motif in poly-C DNA. In addition to adenine, cytosine (pKa = 4.2) can also be protonated at pH 3. In addition, poly-C DNA may also form a unique structure called the 'i-motif' ( Figure 1D ). The i-motif has a characteristic CD spectrum with a dominant positive band at 290 nm and a negative band at around 260 nm. 47 Using a series of poly-C containing DNA (DNA 5-8), we measured their CD spectra using the same condition as the poly-A DNA. First, the random DNA was measured to understand the background signal ( Figure 6A ). Then, the length of poly-C block was increased in the DNA ( Figure 6B-D) , where the positive peak at 290 nm and the negative peak at 260 became stronger at pH 3. This change supports the formation of i-motif structure even when the poly-C
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DNA is appended with a block of random sequence. The i-motif is a less favorable secondary structure for the DNA conjugation reaction since it contains four DNA strands arranged in an overall anti-parallel manner ( Figure 1D ). This may explain the difficulties associated with forming functional conjugates we previously reported for non-thiolated poly-C containing DNA. Further discussion. In this study, we confirmed the role of the parallel poly-A duplex at low pH in assisting the conjugation reaction. This method works for both thiolated and non-thiolated DNA, as long as they contain a block of poly-A DNA. For thiolated DNA, a high DNA density can be easily rationalized. At low pH, both thermodynamic and kinetic effects are favorable for achieving a high density of DNA with the intended DNA conformation. There is no need for the thiol group 17 to displace adsorbed DNA bases. This is why this low pH method works so well for thiolated DNA with a poly-A block. For non-thiolated DNA, the kinetic factor dominates initially. Although adenine can displace other bases especially thymine, it is not as efficient as thiol displacing DNA bases. 15 Forming the A-motif at low pH can also help non-thiolated DNA to be adsorbed in the intended conformation.
This study has also implication on DNA sequence design for the bioconjugation reaction.
In retrospect, it was quite lucky that we followed Mirkin's sequence design to involve a block of poly-A sequence as spacer in our experiment. 19 After observing the interesting effect of low pH, we initially attributed it to a simple electrostatic model. In this work, we emphasized also on the effect of DNA conformation, which allowed us to explain the difference between poly-A and poly-C spacer, 26 and also the adsorption of non-thiolated DNA. Now that the importance of the parallel poly-A is confirmed, we can intentionally design sequences to contain poly-A instead of poly-C.
Using a poly-T spacer might work well with the salt-aging method but it is unlikely to be a good choice for the low-pH method since thymine cannot be protonated. Poly-G may also fold to complex quadruplex structures and cannot be protonated either unless pH is lower than 2, where guanine nucleotide is expected to suffer from depurination and cleavage. In addition to poly-A, some other special sequences may also form parallel duplexes. This however require two different strands of carefully designed sequences. 48 Their contribution to DNA adsorption to AuNPs is less easy to generalize.
Conclusions
In summary, the roles of parallel poly-A duplex in DNA adsorption at low pH were studied in this work. The formation of such A-motifs in DNA sequences containing only a block of adenine (and the rest are random sequences) is supported by CD spectroscopy. We further screened a few DNA staining dyes showing that TO can selectively detect the A-motif at low pH. While the previous understanding was focused on electrostatic interactions, this work shows the unique role of DNA conformation. The order of mixing DNA and AuNPs and pH adjustment has also been optimized.
For non-thiolated DNA, the optimal attachment is achieved by mixing poly-A DNA and AuNPs at neutral pH followed by pH adjustment. For thiolated DNA, adjusting pH either before or after mixing DNA with AuNPs can work. For the same conformational reasons, poly-C DNAs forming i-motif are less favorable for the low pH method. Finally, we confirmed that poly-A DNA is very stable under the acidic pH conditions for the AuNP conjugation reaction, while the stability of poly-G DNA is lower due to the depurination reaction. This work has provided new insights into the reaction between DNA and AuNPs, and it will facilitate related research in biosensor development and nanotechnology. While the current discussion is made with AuNPs, the formation of A-motif at low pH is independent of gold. Bearing this in mind, it is also possible to design poly-A DNA sequences at low pH for interacting with other surfaces.
